Abstract: Growth rate of a hydrate layer at the guest/liquid-water interface is analyzed considering the conjugate process of the mass-transfer and hydrate crystal growth. Hydrate-layer growth rate data in the literature are often compiled according to the system subcooling (∆T ≡ T eq − T ex , where T eq is the equilibrium dissociation temperature of the hydrate and T ex is the system temperature), suggesting predominant heat transfer limitations. In this paper, we investigate how the existing data on hydrate-layer growth is better correlated to mass transfer of the guest species in liquid water in three-phase equilibrium with bulk guest fluid and hydrate. We have analyzed the conjugate processes of mass-transfer/hydrate-layer-growth following our previous study on the hydrate crystal growth into liquid water saturated with a guest substance. A dimensionless parameter representing the hydrate-layer growth rate is derived from the analysis. This analysis is based on the idea that the growth rate is controlled by the mass transfer of the hydrate-guest substance, dissolved in the bulk of liquid water, to the front of the growing hydrate-layer along the guest/water interface. The variations in the hydrate-layer growth rate observed in the previous studies are related to the dimensionless parameter.
Introduction
Clathrate hydrates are crystalline solid compounds consisting of hydrogen-bond water molecules forming cages that enclose other small molecules. Clathrate hydrates have several unique properties, such as a large heat of formation/decomposition, guest-substance selectivity, and a high gas storage capacity. Recently, research and development of novel energy-environment-related technologies, exploiting these properties and characteristics of hydrates are being performed. Some of these novel technologies are transportation and storage of natural gases [1] and hydrogen [2] , ground/ocean sequestration of carbon dioxide [3] [4] [5] , development of heat pump/refrigeration systems [6] , removal of hydrogen sulfide from biogas [7] , isolation of greenhouse gases [8] , etc. Investigations of the dominant factors in the formation and growth of clathrate hydrates have long been of scientific and industrial interest. Despite the fact that our understanding of hydrate formation from guest-water solutions has improved [9] [10] [11] , much discussion still exists in the literature [12] [13] [14] [15] [16] [17] about the dominant process controlling the hydrate-layer growth along the guest/liquid-water interface. Some previous studies [12] [13] [14] have suggested that the hydrate-layer growth is significantly affected by heat transfer. If the heat-transfer is the controlling process, the rate of hydrate-layer growth should be dependent on the subcooling (∆T) of the system. The subcooling (∆T) is the deficiency of the system temperature from the hydrate equilibrium temperature (∆T ≡ T eq − T ex ) as the index of the driving force for the crystal growth, where T eq is the equilibrium temperature of the hydrate and T ex is the system temperature. Figure 1 shows the compiled data from the literature for the hydrate-layer growth rate based on the reported subccoling (∆T) in the system. As seen in the figure, there is a significant scatter of the growth rate data. Particularly, the growth rate of CO 2 hydrate is greater by 1-2 orders of magnitude than those of methane and propane hydrates. If heat transfer were the dominant controlling process for hydrate-layer growth, there should be a good correlation between the data and ∆T.
Pointing out that the correlation between the experimentally-measured rate data and ∆T is not necessarily good, Saito et al. examined whether the hydrate-layer growth can, instead, be correlated to mass transfer effects at the guest/liquid-water interface [18] . In their study, they simply attempted to correlate the rate data to the concentration difference (∆x g ) representing the driving force for the mass transfer of a guest substance in liquid water [18] . They obtained the better correlation using the concentration difference. However, the analysis can be improved in that the effect of composition of hydrates to the hydrate growth rate was not considered, and hence, there is still a room for further study.
In the present study, we first present the theoretical formulations representing the conjugate process of guest-in-water mass transfer and the hydrate-layer growth following to the previous study on the hydrate crystal growth into the liquid water saturated with a guest substance prior to the hydrate formation [15] . We have derived a dimensionless parameter representing the hydrate-layer growth rate. This analysis is based on the idea that the growth rate is controlled by the mass transfer of the hydrate-guest substance, dissolved in the bulk of liquid water, to the front of the growing hydrate-layer along the guest-water interface. Dependence of hydrate-layer growth rate on the subcooling ∆T for several reported studies: ( □ ) methane at 5.60 MPa [12] ; ( ○ ) methane at 8.15 MPa [12] ; ( ◇ ) methane at 10.56 MPa [12] ; ( △ ) propane at 0.31 MPa [12] ; ( -) propane at 0.41 MPa [12] ; (■) propane at 0.51 MPa [12] ; (•) methane [13] ; (◆) CO 2 (vapor) at 3 MPa [14] ; (▲) CO 2 (gas) at 5 MPa [14] . Figure 2 illustrates the hydrate layer growing at the guest/liquid-water interface and represents the physical model of the analysis. Here, we assume that a local three-phase equilibrium exists at the front of the hydrate-layer growing at the guest/liquid-water interface. The driving force, ∆x g , is the difference between the solubility of the guest (x eq,int ) in liquid-water at the guest/liquid-water interface at the system temperature (T ex ) and the solubility of the guest (x eq, hyd ) in liquid/water at the hydrate equilibrium temperature (T eq ) at the hydrate-layer front, ∆x g ≡ x eq,int − x eq,hyd . T eq , ｘ eq,hyd P T ex , ｘ eq,int equilibrium condition interface condition Hydrate Figure 3 shows a schematic of the solubility for the guest in liquid-water as a function of the temperature. The solid line corresponds to the two-phase equilibrium conditions with the solubility of the guest in bulk liquid-water, and the dashed line is the equilibrium solubility of the guest in liquid-water in equilibrium with the hydrate. The intersection of the lines indicates the liquid-water-hydrate-guest phase equilibrium condition at the equilibrium temperature T eq under the experimental pressure. The solubility x eq,int corresponds to the experimental system temperature T ex . As for the mathematical formulation of the conjugate process, we may follow on the previous study by Ohmura et al. [15] on the hydrate crystal growth into the liquid-water. A similar analysis to the hydrate crystal growth at guest/liquid-water interface was performed.
Formulations for the Conjugate Process of Mass Transfer and Hydrate Crystal Growth
At first, we consider the molar flux g m of a guest substance supplied to the surface of a hydrate crystal. As this flux is caused by the diffusive, or convective, mass transfer of the guest substance from guest/liquid-water interface to the crystal surface, it may be expressed as:
where g m, h is the mass transfer coefficient for the guest substance, l ρ is the molar density of liquid water. The molar flux g m of the guest substance at the crystal surface should induce a volumetric growth rate h V of the crystal per its unit surface area, which may be evaluated as:
where g M and w M are the molar masses of the guest substance and water, respectively, n is the hydration number, the ratio of the number of water molecules to that of guest molecules in the hydrate, and h ρ is the mass density of the hydrate.
The subject of the formulations is then to find how to express h V in terms of the parameters that we can evaluate a priori and to correlate h V to a group of such parameters. This is described below.
The density h ρ of the hydrate used in Equation (2) is given by:
where A is the Avogadro number, w N is the number of water molecules in each unit cell of the hydrate and a is the lattice constant for the hydrate. Substituting Equations (1) and (3) into Equation (2), we obtain:
If we approximate l ρ by w ρ , the molar density of pure water, Equation (4a) is modified as follows:
where the dimensionless group in the parentheses on the right-hand side of Equation (4b) expresses the ratio of the volume w 3 N a per one water molecule in each unit cell of the hydrate, to the molecular volume of water in its liquid state. Whether the hydrate of interest is of structure I (a = ~ 1.2 nm; N w = 46) or of structure II (a = ~ 1.73 nm; N w = 136), the value of the above dimensionless group is evaluated to be 1.25 to 1.27. We can assume this to be a constant common to all structure I and structure II forming guest substances only weakly soluble in liquid water. Consequently, Equation (4b) may be simplified as:
It is quite difficult to evaluate g m, h in actual hydrate-forming experimental systems because g m, h should depend on various factors, including free convection induced in liquid water due to spatial variations in temperature and/or guest in water concentration. As a first approximation, we assume here that g m, h is simply proportional to w g, D , the diffusion coefficient of the guest substance in liquid-water. Thus, we have the following relation:
The values of w g, D for the guest substances are presumed to be similar to each other. We can estimate these values for methane, carbon dioxide and propane, to be about 1 × 10 −9 m 2 ·s −1 by using the Wilke-Change Equation [19] , incorporating an association-parameter value recommended by Hayduk and Laudie [20] . The above variation in w g, D is insignificant compared with that in x eq,int and x eq,hyd which varies by a factor of about 100. Therefore, we may assume the very simple relation for crystal-layer growth as follows:
Results and Discussion
Based on the analysis in the previous section, the data of the hydrate-layer growth rates for the systems in Figure 1 were re-plotted in Figure 4 with n∆x g as an index for the effective driving force of the volumetric hydrate growth. In numerically evaluating the values of n∆x g , the guest-in-water solubility x eq,int and x eq,hyd were calculated with a phase equilibrium calculation program, HWHydrateGUI [21] . The deviations of the predictions with HWHydrate from the existing experimental data [22] [23] [24] [25] are calculated to be mostly within ±5%, and at worst within ±15% over the pressure-temperature range corresponding to the experimental measurements of hydrate-layer growth rates, specifically pressures from 3.5 to 10.5 MPa, temperatures from 274 to 283 K for methane, 0.3 to 0.5 MPa, 273 to 277 K for propane, and 3 to 5 MPa, 274 to 280 K for CO 2 . The hydration numbers n for methane, CO 2 and propane are evaluated to be 6, 6.2 and 17 respectively, by referring to the direct measurements of the hydrate compositions by Raman spectroscopy for methane hydrate [26, 27] , by means of single-crystal X-ray diffraction for CO 2 hydrate [28] , and by assuming that propane molecules occupy only the large cages in the structure-II hydrate [29] . [12] ; ( △ ) propane at 0.31 MPa [12] ; ( -) propane at 0.41 MPa [12] ; (■) propane at 0.51 MPa [12] ; (•) methane [13] ; (◆) CO 2 (vapor) at 3 MPa [14] ; (▲) CO 2 (gas) at 5 MPa [14] .
Comparison of Figures 1 to 4 indicates that the hydrate-layer growth rate data are better correlated with n∆x g than with ∆T, i.e., the mass transfer of the guest species in liquid water may have a significant effect on the hydrate-layer growth at the guest/liquid-water interface, as opposed to heat transfer limitations alone. The implication of this analysis is that the studies of hydrate growth kinetics must carefully consider both the heat and mass transfer processes and not only either heat or mass transfer in the design and analysis of experimental measurements.
Conclusions
We have investigated the correlation between the growth rate of the hydrate layer at a guest/liquid water interface to the resistance of mass transfer of the guest species dissolved in liquid water. Based on the idea that the growth rate is controlled by the mass transfer of the guest substance dissolved in the bulk of liquid water, to the front of the growing hydrate-layer along the guest/water interface, the conjugate processes of mass-transfer and hydrate-layer growth are formulated. From this formulating analysis, a dimensionless parameter representing the hydrate-layer growth rate is derived. The variations in the hydrate-layer growth rate experimentally measured in previous studies are well correlated to this dimensionless parameter, thereby indicating the significant effect of mass transfer to the hydrate-layer growth.
